Introduction
Increased consumption of fruits and vegetables has been consistently recommended to reduce globally the risk of chronic disease including cardiovascular disease (CVD), cerebrovascular disease, and some forms of cancer. 1, 2 This is particularly relevant to the US, where, collectively, cancer, cardiovascular disease, hypertension, type 2 diabetes, and stroke account for more than 75% of all deaths. The protection against disease is due, in large part, to the plethora of bioactive molecules, both nutritive and nonnutritive in plants, including the antioxidant polyphenols. 3 For example, phenolic acids and flavonoids, subclasses of polyphenols, contribute to the distinctive colors of fruits and have been shown to be, in some instances, potently effective against dyslipidemia, CVD, and underlying mechanisms of other disease processes.
Fruits and vegetables contain thousands of biologically active phytochemicals that may exhibit independently or in an interactive manner effects that can prevent disease and promote health, in part, via antioxidant activity. 4 In fact, research supports prooxidant associated oxidative stress as a contributing factor in 100 chronic human diseases. 5 Given the clear potential for bioactive agents, such as specific polyphenols, submit your manuscript | www.dovepress.com
Dovepress
to prevent or mitigate the occurrence of chronic disease, there has been considerable interest in developing dietary supplements containing polyphenols and/or polyphenol-rich food products. In such dietary nutrients specific components may be purified and/or concentrated, singly or in combination, to boost the antioxidant status of the consumer. 6 Furthermore, attempts have been made to increase the bioavailability of dietary polyphenols, specifically absorption, to concentrations higher than commonly associated with dietary sources to ultimately increase plasma and tissue levels. There is however a considerable amount of evidence being accumulated which supports the hypothesis that such compounds, at high concentrations, can cause adverse effects presumably through pro-oxidative effects.
Plant polyphenols
Plant polyphenols are ubiquitous, essential and located throughout most plant tissues which contribute significantly to plant physiology. They play key roles in pigmentation, growth, reproduction, together with resistance to pathogens and predators, due to their potent astringency and function as phytoalexins. 3 Plant polyphenols are also extremely important components of the human diet because of their purported antioxidant activity, free radical scavenging abilities and the capacity to mitigate oxidative stress-induced tissue damage associated with chronic disease. Additionally, some polyphenols function as antibiotics and exert antidiarrheal, antiulcer, and anti-inflammatory activities. 3, 7, 8 In contrast to classic nutrients, ie, vitamins and minerals, plant polyphenols are not required for vital body functions in humans such as growth, reproduction, wound repair, and development, thus they are often referred to as nonnutrients. However, there is compelling clinical and epidemiological evidence that some polyphenols and polyphenol-rich plant sources significantly reduce the risk of chronic diseases. As articulated by Williamson and colleagues, this suggests that polyphenols are nutrient-like and are essential to humans in reaching their full "genetically-determined lifespan," as a result the phrase "lifespan essential" has been coined. 9 Undoubtedly, dietary polyphenols are beneficial, if not critical, to human health.
Polyphenols, or phenolic compounds, constitute one of most numerous and widely distributed groups of phytochemicals in the plant kingdom. More than 8,000 distinct structures are reportedly known and identified. As molecules, polyphenols are products of secondary metabolism and can vary from simple phenolic acids to highly polymerized molecules such as tannins. Polyphenols exist primarily in a conjugated form with one or more sugar residues, viz., glycosides, linked to one or more of the many hydroxyl groups. Direct links to the sugar ring, which is most commonly glucose, can also occur. Polyphenols without sugar linkages are referred to as aglycones.
As a chemical family, polyphenols can be divided into at least 10 different classes depending on their basic chemical structure (Figure 1 ). The most common and important low molecular weight phenolic compounds are simple phenolic derivatives and flavonoids. Phenolic acids are simple molecules such as caffeic acid, vanillin, and coumaric acid, that account for approximately one-third of the total dietary intake of polyphenols; flavonoids account for the remaining two-thirds. 10 To further illustrate the complexity of the groupings, flavonoids can be further subdivided into 13 classes with more than 5,000 described compounds. 3, 11, 12 The flavonoids constitute the bulk of naturally occurring dietary polyphenols and, thus, are often the focus of scientific study as one of the most nutritionally important classes of dietary compounds. Flavonoids are found in high concentrations in wine, tea, grapes, cocoa, and a wide variety of plants. 13 The dietary groupings have been simplified by some to include lignins (nuts, whole grain cereals), proanthocyanidins (grapes, pine bark, cocoa), anthocyanins/ anthocyanidins (brightly colored fruits and vegetables, berries), isoflavones, (soybeans), catechins (tea, grapes, wine), tannins (tea, nuts), quercetin (grapes, wines, onions) and naringenin/hesperidin (citrus fruits). 14 Many flavonoids occur in plants as aglycones although they are most commonly found as glycoside derivatives. 3, 12 Anthocyanins, glycosides of anthocyanidin, are the most important group of water-soluble plant pigments and contribute to the color of flowers and fruits of higher plants. Most are relatively low molecular weight and soluble, which is dependent in large part on the degree and type of modification of their chemical structure (hydroxylation, glycosylation, acylation). 3 Chemically, the flavonoids are phenylpropanoid derivatives (C6-C3) consisting of two aromatic rings linked through a three carbon bridge (C6-C3-C6) forming, usually, an oxygenated heterocyclic ring.
While flavonoids are low molecular weight, the tannins are compounds of intermediate to high molecular weight (∼30,000 Da) and are more extensively hydroxylated.
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These characteristics contribute to the formation of insoluble complexes with carbohydrate and protein conferring the sensation of bitterness or astringency. Overall, the tannins can be subdivided into two major chemical groups to include hydrolysable and condensed tannins. 8 Hydrolysable tannins are based on a gallic acid monomer and its dimeric condensation product, hexahydroxydiphenic acid. These are typically esterified to a sugar, which frequently is glucose. It is the interaction, combinations and condensation products of these precursors that generate high molecular weight molecules, or polymers. The hydrolysable tannins can be further subdivided into gallotannins and ellagitannins depending on the occurrence and prevalence of either gallic acid or ellagic acid (gallic acid dimer) as a repeating building block. 8, 15 Condensed tannins or proanthocyanidins are also high molecular weight polymers based on the monomeric building block flavan-3-ol. Interestingly, some condensed tannins such as the proanthocyanidins can occur as polymers with fifty or more repeating units and a mean molecular weight of ∼5,000 Da.
Dietary intake of plant polyphenols
Plant polyphenols are commonly consumed mostly from fruits, vegetables, legumes, wine and tea. Although widespread in the food supply, the quantification of dietary polyphenol content and estimated dietary intake has been complicated by several factors. Food composition databases remain incomplete, and often inadequate, providing only limited information on polyphenol content. Moreover, polyphenol content between foods is highly variable and even within a specific food item the polyphenol content can vary considerably and by several orders of magnitude. For example, the procyanidin content of four common varieties of apples has been reported to range from 12.3 to 252.4 mg/serving, with the highest amounts found on average for Red Delicious and lowest for Golden Delicious varieties. 16 Lastly, due to their polymeric composition and the myriad of combinations, poorly elucidated chemical structures, and lack of commercially available standards, analysis and estimation have been problematic. 17, 18 Besides plant variety, many other factors are important in determining polyphenol concentrations of specific food products in the food supply, including production method (organic/conventional), annual climatic variations, and post-harvest processing and storage. 19 In a three-year comparison of the polyphenol contents of organically and conventionally produced apples, significantly higher polyphenol concentrations were found in the organically grown apples in the year 2005, but no significant differences were observed in 2004 and 2006. 20 Annual environmental differences, particularly the annual climate, can also profoundly affect polyphenol production regardless of production method.
Differences in post-harvest processing and storage can greatly impact the content of phenolic acids and flavonoids in a variety of foods. 19 For example, the flavanone content of market-ready orange juice varies with processing, with the highest amounts in traditional pasteurized juice and the lowest levels in frozen juice. 21 Overall, the polyphenol content of juices is usually 200-500 mg/L. The cooking method can also affect the polyphenol content of foods since polyphenols are present in plant vacuoles and apoplasts, cellular structures that require softening during the cooking process to maximize polyphenol release. 22 However, vegetables such as onions, tomatoes and carrots can lose 75% to 100% of their initial polyphenol content during boiling whereas steaming and frying losses are considerably lower. 22, 23 Despite the numerous difficulties in quantifying the polyphenol content of foods, the US Department of Agriculture has released two food databases that include content of six subgroups of flavonoids, the most common polyphenols consumed in plant foods. These databases were used to estimate dietary flavonoid intake among Americans using the 1992-2002 National Health and Nutrition Examination Survey (NHANES). 24 Intake was estimated at 189.7 ± 11.2 mg, with tea, citrus fruit juices, wine, and citrus fruits being the major dietary sources. 24 Fruits such as apple, grape, pear, cherry, and various berries have 200-300 mg polyphenols per 100 g fresh weight. 25 Daily intake of polyphenols in coffee drinkers is 500-1,000 mg since a cup of coffee contains around 100 mg polyphenols. 25 Chlorogenic acid, an ester of caffeic acid and quinic acid, is a major phenolic compound in coffee. In a study by Chun and colleagues, the estimated daily intake of polyphenols in the US was 449.8 mg using per capita consumption data for 34 commonly consumed fresh fruits and vegetables. 26 Following the recommendation to eat five servings of fruits and vegetables daily would result in a total polyphenol intake of 500 mg and a flavonoid intake of about 150-300 mg/day. 9 Depending on food choice, this could be much higher. For example, consumption of cocoa, tea or coffee as rich sources of hydroxycinnamic acids could easily increase overall intake by 500-1,000 mg. 9 This would result in a ∼100 times higher intake than that accomplished by the intake of a typical Western diet. In the Dutch diet, it is estimated that total intake of polyphenols is 863 ± 415 mg/day. 27 Thus, it is not surprising that other estimates of daily intake are ∼1,000-1,100 mg/day depending on the season. Although dietary consumption of polyphenols is high, the risk of toxicity from the food supply is relatively low, largely due to poor absorption. However, concentrations of dietary bioactive agents can be significantly increased, and presumably absorption as well, through food-based polyphenol enrichment, alterations in bioavailability, and supplementation with purified agents or mixtures rendering polyphenol consumption potentially problematic.
Dietary supplements
A significant percentage of the population in Western and developing countries are not consuming sufficient quantities of dietary polyphenols as a result of inadequate fruit and vegetable intakes, although a large body of evidence mainly derived from preclinical studies has concluded that dietary polyphenols, given in large quantities, can have desirable outcomes. 28 A dietary supplement could provide some of the same beneficial effects of dietary polyphenols in the face of minimal consumption of fruits and vegetables. As such, many in the population embrace the notion of supplementation with polyphenols, such as flavonoids, in the hopes of achieving more beneficial effects.
Numerous surveys such as the NHANES show that dietary supplements are used by a large proportion (68%) of the general public primarily, through self-reporting, to improve overall health. Most use traditional and well-known vitamins and minerals such as the water and fat-soluble vitamins and calcium and iron. Non-nutritive dietary supplements are also frequently used and include polyphenol-rich green tea, fish oil, echinacea, glucosamine, isoflavone-rich soy, flax seed, and chondroitin. 29 In a survey of health professionals by the Council for Responsible Nutrition, it was shown that 72% of physicians and 89% nurses consumed dietary supplements regularly. Use by the general population was estimated to be 59%. Medical personnel stated their rationale for use and subsequent recommendation to patients (80% reporting recommending) was based on information reported and disseminated in professional journals and clinical studies.
Overall, the beneficial outcomes reported for vitamins and minerals, as well as polyphenols, has contributed to the significant popularity of dietary supplements. In fact, this has led to the development and marketing of new polyphenol dietary supplements and polyphenol-rich food products. The result is increased intake of particular polyphenols alone or in combination, beyond levels of exposure commonly associated with a typical diet. Based on recommendations by the dietary supplement industry, it is advised to consume 50 mg/day isoflavones or 100-300 mg/day grape seed extracts rich in proanthocyanidins. 30 According to Mennen and colleagues, examples of commonly recommended doses of polyphenols found on the internet are 300 mg quercetin, 1 g citrus flavonoids or 20 mg resveratrol with suggested use of 1-6 capsules per day. 30 This would result in ∼100 times higher intake that the common intake of a Western diet.
Bioavailability of polyphenol compounds
Dietary intake of plant polyphenols can vary considerably and be quite high, ie, g/day, but ultimately the nutritional impact and subsequent systemic effects depend on the fate of polyphenols in the digestive tract. Physicochemical characteristics of polyphenols appear to dictate absorption and metabolism and are determined primarily by chemical structure. For example, the parent structure (gallic acid, ellagic acid, flavan-3-ol), degree of chemical modification, ie, glycosylation, conjugation, etc, molecular size, degree of polymerization, and solubility are critical factors. 3 Relatively small molecular weight phenolic acids, ie, gallic acid and isoflavones are easily absorbed through the gut followed by catechins, flavanones, and quercetin glucosides. Larger polyphenols such as proanthocyanidins are very poorly absorbed as well as galloylated tea catechins and the anthocyanins.
The main difficulty with incorporating polyphenols into existing products is to present them in a form that is bioavailable. Bioavailability has been estimated in rodent studies to be 10% of ingested dose with a range of 2%-20%. 28 Data in humans are limited by the need for large population sizes, however, Manach and colleagues has reviewed bioavailability of 18 major polyphenols in 97 human bioavailability studies and reported that plasma concentrations of total polyphenol metabolites ranged from 0-4 µmol/L with an intake of 50 mg aglycone equivalents and the urinary excretion ranged from 0.3%-43% of the ingested dose. 25 It was further noted that bioavailability differed greatly from one polyphenol to another and the most abundant dietary polyphenol was not necessarily the one leading to the highest levels of active metabolites in plasma. Kroon and colleagues have reported maximum plasma concentrations of 0.1-10 µmol/L. 31 It has also been noted that plasma levels of conjugated flavonoids rarely, if at all, exceed 1 µmol/L.
32
Numerous human pharmacokinetic studies have determined plasma and urine concentrations after specific doses of polyphenols. For example, when quercetin, a flavanol, was provided from onions and ketchup at 90 mg/day for two weeks, plasma levels increased to 0.289 µmol/L. 33 Urinary excretion was 0.262 mg over 24 hours. When naringenin, a flavanone, derived from either orange or grapefruit juices, was given as a single 23 or 199 mg dose, respectively, plasma levels increased to 0.64 and 5.98 µmol/L, respectively. 34 Epigallocatechin from green tea extracts was given as a single 17.5 mg dose and plasma concentrations increased to 0.025 µmol/L. 35 Interestingly, recent studies in humans have demonstrated that fasting further increases bioavailability of epigallocatechin gallate (EGCG). 36 When epicatechin from chocolate was provided as a single 104 mg dose, plasma levels rose to 0.676 µmol/L. 37 Anthocyanins given as a single dose of 20 mg/kg body weight from blackcurrant juice increased plasma levels to 0.155 µmo/L. 38 A single 2.7 mg dose of caffeic acid from red wine increased plasma levels, one hour post-ingestion, to 0.027 µmol/L. 39 Clearly, absorption and ultimately bioavailability of polyphenols vary greatly and are complex.
The critical importance of bioavailability in conferring additional benefit or toxicity depends on increased absorption of polyphenols. This has fostered categorization of polyphenols as readily absorbed or not, alternately defined as extractable or non-extractable. 3 Extractable polyphenols are low to intermediate molecular weight phenolics, which can be extracted with different, commonly used solvents such as water or methanol. Nonextractable polyphenols are high molecular weight compounds that can bind dietary fiber or protein and remain insoluble in the aforementioned solvents. As such, they tend to be relatively resistant to intestinal digestion and/ or absorption and are readily excreted in feces.
The physicochemical characteristics of polyphenols likely contribute to the disparity in results between the epidemiological studies and in vitro data, which may reflect, in part, relatively poor bioavailability, rapid metabolism, and excretion of polyhenols. 13 Efforts are being attempted to increase bioavailability but several considerations, and potential impediments, exist including solubility, permeability, metabolism, excretion, target tissue uptake, and disposition. 28 Initial strategies for improving bioavailability of dietary polyphenol supplements include changes to polyphenol structure, which may affect solubility and dissolution, and the use of pharmaceutical excipients. 28 An additional consideration is that degradation and absorption of polyphenols within the gastrointestinal tract depend on the intestinal microflora and gut enzymes, which may significantly change bioavailability.
Metabolism of polyphenols
Dietary polyphenols are initially metabolized, as many xenobiotics, within the gastrointestinal tract. Glycosides are hydrolyzed to their corresponding aglycones prior to absorption and aglycones and low molecular weight polyphenols are absorbed directly. 3, 25 Polyphenols that are not absorbed are transported to the colon where they can be readily hydrolyzed by colonic microflora to simpler chemical compounds and eliminated in the feces or further modified. Bacterial fermentation of the glycones effectively releases the polyphenol from fiber permitting subsequent metabolism similar to other aglycones. 3 The high molecular weight polyphenols such as the ellagitannins are not absorbed intact into the bloodstream but are hydrolyzed to ellagic acid and urolithins and then absorbed, conjugated in the liver, and either excreted in the urine or stored in tissues, ie, prostate, etc. 40, 41 Post-absorption aglycones are methylated by catechol-O-methyltransferase (COMT) and/or conjugated with glucuronic acid or sulfate in the liver via the action of UDP glucurosyl transferase (UDPGT) or phenol sulfotransferases, respectively. 25, 42 Conjugated and 3 -O-methylated compounds have also been detected in plasma and are readily excreted in urine or bile. Polyphenolic compounds secreted in bile may also recycle, after deconjugation, through enterohepatic circulation and be reabsorbed.
Pharmacokinetic studies of the absorption and elimination of polyphenols indicate that maximum blood levels generally occur at ∼2 hours post-ingestion and the elimination halflife is ∼4.8-6.9 hours. 3 Seeram et al have found in a small human study that ellagitannin metabolites from ingested pomegranate juice persist up to 48 hours in the plasma and urine. 41 Clearly, these values may vary considerably and likely due to the chemical nature, size, and complexity of the polyphenol.
Protection by dietary polyphenols
Using diverse in vitro cellular models, polyphenols exhibit powerful antioxidant activities and have been consistently protective through scavenging numerous diverse reactive oxygen species (ROS) including hydroxyl radical, peroxyl radical, hypochlorous acid, superoxide anion, and peroxynitrite. 32 Examples of cell models previously used include human prostate cells, colon cancer cells, hepatocytes, leukemia cells, breast cancer cells, and oral epithelial cells. 43 Mechanisms of action have included antioxidant effects, cardio-and hepatoprotective effects, anticarcinogenic effects, antimicrobial and antiviral effects, and anti-inflammatory effects. 3, 7, 8 Although antioxidant activity traditionally has been attributed only to soluble phenolic compounds, or extractable polyphenols, a recent report suggests that nonextractable polyphenols (polymeric proanthocyanidins and high molecular weight hydrolysable tannins) are 15-30 times more effective at quenching peroxyl radicals than are simple phenols. 3 Moreover, those that are not absorbed could exert effects in the gastrointestinal tract protecting macromolecules, ie, lipids, proteins, and carbohydrates.
Largely, however, the antioxidant efficiency of polyphenols depends on the extent of absorption and metabolism of these compounds as well as the activity of conjugates circulating in plasma. As discussed previously, bioavailability from dietary intake of polyphenols is 2%-20% so minimal amounts of dietary polyphenols are absorbed, with subsequently low levels found in plasma. However, low concentrations seem adequate to exert potent protective antioxidant activity in vivo as suggested by epidemiological data.
Although the most frequently reported benefit of polyphenols involves their antioxidant activity, there are numerous other biological processes that are affected by polyphenols. For example such processes include; altered gene expression, increased apoptosis, decreased platelet aggregation, increased blood vessel dilation, modulated intercellular signaling, P-glycoprotein activation, and the modulation of enzyme activities associated with carcinogen activation and detoxification. 44 Additionally, polyphenols can chelate transition metals, ie, iron, decreasing their ability to promote ROS formation through Fenton chemistry. 45, 46 Adverse pro-oxidant effects of high-dose polyphenols A considerable body of literature supports a role for oxidative stress in the pathogenesis of age-related human disease and a role for dietary polyphenols in prevention. 25 Diet-derived compounds are generally regarded as safe, based on their long history of use. It is becoming apparent, however, that commonly used dietary compounds can exert deleterious effects at pharmacological concentrations. This is further exacerbated by the increased vulnerability of certain populations, the co-existence of additional diseases, and/or interaction with other pharmacologic agents. 47 Dietary polyphenols are purportedly potent antioxidants as demonstrated, in large part, through in vitro studies. Demonstration in vivo has been problematic although an increasing body of evidence suggests detrimental pro-oxidant effects. 
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Under certain conditions (high concentrations of phenolic antioxidants, high pH, presence of iron) phenolic antioxidants can initiate an auto-oxidation process and behave like pro-oxidants. 48 Hot beverages contain high H 2 O 2 concentrations because polyphenols oxidize rapidly at high temperatures. Probably the most compelling supportive evidence involves studies of EGCG commonly found in tea. H 2 O 2 has been measured up to 10 µmol/L in saliva of those chewing green tea leaves. 49 EGCG undergoes, in vitro, oxidative polymerization and generation of toxic H 2 O 2 at concentrations up to 334 µmol/L when adding 1 mmol/L EGCG to culture medium. 48, 50, 51 Addition of catalase, an enzyme that specifically quenches H 2 O 2 , inhibits the death of human lung cancer cells incubated with EGCG. In hepatocytes given high-dose EGCG (200 µmol/L), cell viability was significantly reduced and associated with increased ROS production and antioxidant, viz, glutathione, depletion. 42 In human lung and esophageal cancer cells, EGCG (20 µmol/L for 24 hours), presumably via ROS production, interrupted phosphorylation of epidermal growth factor receptor and the second messenger signaling cascade. This was attenuated by addition of antioxidant enzymes including superoxide dismutase (SOD) and catalase. 52 Interruption of cell signaling cascades can be detrimental to cells and contribute to chronic disease. Indeed, phytoestrogenic modulation of hormonal signaling by soy-based isoflavones, such as genistein, daidzein, and glycitein, have generated considerable debate on the demonstration of both adverse and detrimental effects in breast cancer. [53] [54] [55] Epidemiological data support an inverse relationship between increased isoflavone consumption and a decreased risk of breast cancer. However, data also suggest that dietary isoflavones can promote breast cancer. 53 For example, resveratrol, a polyphenol stilbene in red wine and available as a dietary supplement, can bind the estrogen receptor and foster breast cancer cell growth at concentrations of 0.1-1000 µmol/L. 56 However, this effect is biphasic depending on the estrogen concentrations. Resveratrol is protective in microenvironments with high hormone (estrogens and androgens) concentrations, but stimulatory in low hormone environments. The isoflavone genistein also inhibits the growth of most cancer cells but in estrogen-responsive (ER + ) cells the response is biphasic where genistein inhibits human breast cancer cell growth at higher concentrations yet stimulates proliferation of ER + breast cancer cells at lower concentrations consistent with physiologically relevant levels in humans. In an in vivo rodent model, ovariectomized athymic mice fed genistein and genistin both displayed enhanced growth of ER + mammary tumors. 57, 58 In human studies, premenopausal women consuming isoflavone-rich isolated soy protein displayed 2-6-fold increases in the volume of nipple aspirate supporting an estrogen-induced effect. 59 Moreover, histological examination revealed that nearly one-third of the subjects (7 of 24) consuming soy displayed epithelial hyperplasia, which is strongly associated with breast cancer. In a different study, premenopausal women consuming soy textured protein for two weeks revealed increased estrogen-regulated pS2 levels in breast biopsies indicative of a phytoestrogen response. 60 Clearly, more research is needed to better understand the effects, whether positive or negative, of isoflavones and other polyphenols particularly in the context of dose, timing, duration, and susceptibility of consumer to disease, ie, breast cancer. This is particularly relevant given the widespread availability of dietary supplements of isoflavones and soy-based formulations.
Phenolic acids comprise ∼30% of dietary polyphenols. High-dose phenolic acids promote carcinogenicity in some studies through H 2 O 2 -induced DNA damage and resultant genotoxicity. 61 Moreover, studies show administration of high doses (up to 50 µmol/L) of purified flavonoids for six hours could cause chromosome translocation and clastogenicity in human cell line studies. 47, 62 Thus, it is proposed from these studies that phenolic acids can enhance tumor promotion, or increase proliferative signaling, via ROS production, as previously discussed, through interruption of second messenger signaling.
In many studies, the effect of polyphenol dose leading to toxicity becomes apparent. Ferulic acid, a phenolic acid, is an antioxidant which neutralizes free radicals (superoxide, nitric oxide and hydroxyl radical) and is found in the leaves and seeds of many plants and cereals such as brown rice, whole wheat and oats, coffee, apple, artichoke, peanut, orange and pineapple. 63 Research results have indicated that ferulic acid when fed to rats at 500 mg/kg diet is carcinogenic to liver but anticarcinogenic to tongue, skin and colon. 64 Dietary caffeic acid, a precursor of ferulic acid, has been shown to be carcinogenic at 2% (20 g/kg diet), a tumor promoter at 0.5%-1% (5-10 g/kg diet), and anticarcinogenic at 0.05%-0.5% (0.5-5 g/kg diet). [64] [65] [66] Thus, it appears that the dose, which is closely associated with bioavailability, contributes to both beneficial and adverse effects with higher doses contributing to the latter. 
Animal studies
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of a polyphenol-rich green tea preparation (90% EGCG) for 13 weeks to dogs produced dose-dependent toxicity and death. 67 Furthermore, dietary levels of 500 mg/kg caused proximal tubule necrosis, elevated serum bilirubin, and increased aspartate aminotransferase (AST), in all animals tested, indicating severe kidney and liver damage. 67 In rodents, a polyphenol supplement given orally (2 g/kg) by gastric gavage caused lethality in 80% of the animals treated with histological evidence of hemorrhagic lesions in both the stomach and intestine. Intraperitoneal administration of EGCG to rodents caused dose-dependent lethality and increased liver damage at doses as low as 150 mg/kg (10.5 g for a 70 kg human). 42 Collectively, high-dose EGCG induced multi-organ toxicity associated with increased plasma levels beyond that normally encountered through diet. Bioavailability of polyphenols is relatively low in rodents, thus adverse effects were limited to the gastrointestinal tract. In contrast, bioavailability is much higher in canines, and, as a result, pathology was noted in the gastrointestinal tract, the liver and kidneys highlighting the importance of absorption and resultant plasma concentration. 47 EGCG can undergo redox cycling and produce quinones with subsequent increases in oxidative stress. For example, intraperitoneal injection of EGCG led to formation of cysteine conjugates formed only at high doses of 200-400 mg/kg, supporting the likely role of oxidative stress, free radicalassociated quinone formation. Second, EGCG treatment of lung cancer-bearing nude mice for 40 days with 40 mg/kg EGCG, given intraperitoneally increased markers of DNA damage and oxidative stress. 47 Chemical structures and molecular size are important determinants of effect. For example, no acute toxicity was noted in rodents after administration of high molecular weight polyphenols including oral grape seed proanthocyanidin extract (0.5-2.0 g/kg body weight) or the ellagitannin punicalagin (60 g/kg). 68, 69 In the first study, rats were fed ad libitum for 37 days either a commercial diet alone or containing 20% (w/w; 200 g/kg diet) pomegranate husk extract to reach an average 6% (w/w) punicalagin concentration, or 60 g/kg diet, in the final diet. 68 This amount translated to consumption by rats of 0.9 g punicalagin per day. Plasma levels of punicalagin peaked at 29 µg/mL plasma (27 µmol/L) and a higher dietary intake did not further increase plasma levels. The authors report that this level was equivalent in humans to consumption of ∼194 L of pomegranate juice per day suggesting a wide safety margin. 69 In the second study, grape seed proanthocyanidins were administered orally by gastric intubation to male and female albino rats at 10 mL/kg (average body weight 0.25 kg). One group was given 5 g/kg body weight. grape seed proanthocyanidin extract (GSPE) was also fed to groups of rats at 100 mg/kg body weight for 12 months with testing of one group every three months. The lethal dose for 50% of the group (LD 50 ) was greater than 5 g/kg when administered orally by gavage and 2 g/kg was the highest dose with no observed adverse effects. Chronic administration for 12 months did not cause pathology in any of the seven vital organs tested. Plasma levels were not provided but the equivalent for dietary levels associated with the chronic study for humans would be 7 g (100 mg/day; 70 kg human).
Quercetin is a plant-derived flavonoid, viz, a flavanol, used as a dietary supplement purportedly possessing antiinflammatory and antioxidant properties. 12, 25 Low molecular weight, presumably better absorbed quercetin, was fed for two years to male and female F344/N rats at concentrations of 2% (20 g/kg diet) and 4% (40 g/kg diet). The estimated dose delivered was ∼40-1,900 mg/kg body weight/day. There were no quercetin-associated adverse effects on survival and no clinical signs of toxicity although histological examination revealed chronic nephropathy at these doses. 70 Quercetin significantly inhibited metabolism of substrates prone to redox cycling and increased pro-oxidant formation leading to high, toxic levels in organs and tissues. 71 In this study, four-week-old male hamsters were fed diet with 3% (30 g/kg diet) quercetin for two weeks and 6.5 months. Plasma levels were similar in both studies and reached ∼0.22 µmol/L (74.4 ng/mL). Average daily intake of quercetin is ∼25 mg. Studies with caffeic acid (2% of diet) support these findings since administration induces forestomach and kidney tumors in rodents at normal dietary levels presumably by interruption of metabolism of estrogenic substrates. Furthermore, it has been reported in a review by Mennen and colleagues that tissues rich in oxidative enzymes may be especially vulnerable to pro-oxidant toxicity by quercetin.
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Human studies
Antioxidants, including polyphenols, have been linked to numerous health benefits but may be detrimental when taken in larger doses found in dietary supplements and fortified foods. Some human intervention trials have shown not only failure to protect by polyphenols but accelerated development of cancers or CVD in susceptible subjects. 32 There have been a number of recent case reports of hepatotoxicity related to the consumption of high doses of polyphenolenriched, tea-based dietary supplement (10-29 mg/kg/d). 72 For example, a 37-year-old Hispanic female consuming a green tea supplement for four months displayed elevated blood chemistry levels of AST (1,783 U/L; normal 17-39), alanine transferase (ALT; 1,788 U/L; normal 8-39), total bilirubin (200 µmol/L; 7-24), direct bilirubin (169 µmol/L; 0-3), and serum alkaline phosphatase (ALP; 238 µmol/L; 39-113) indicating serious liver dysfunction. A liver biopsy revealed marked interfacial necrosis and inflammation including mild lobular inflammation. After discontinuing the polyphenol-rich dietary supplement, the patient's values returned to normal. However, after a subsequent re-challenge and exclusion of other causes, signs and symptoms returned strongly suggesting that the high-dose dietary supplement (383.3 mg per three capsules) was causing severe, symptomatic drug-induced liver injury. The conclusion was that concentrated preparations of polyphenol-rich green tea were dangerous and should be avoided. 72 Several additional human case studies have shown hepatotoxicity related to the consumption of high-dose, teabased dietary supplements (10-29 mg/kg/day per os). In nearly eight of nine cases patients presented with elevated ALT and bilirubin levels. In two of nine cases, periportal and portal inflammation was observed in the liver. All pathology resolved after the dietary supplement was discontinued although reinjury occurred with rechallenge. For the case studies, it is noteworthy that susceptible individuals may have genetic variations, or polymorphisms, in critical biotransformation pathways for tea polyphenols, ie, catechol-O-methyltransferase. 47 Inclusion or exclusion of polyphenol-enriched, or fortified, foods can also lead to potentially adverse effects. Consumption of flavonoid-free diets by human volunteers has recently been reported to decrease markers of oxidative stress commonly associated with chronic disease. 73 Consumption of antioxidant-rich foods increases biomarkers of oxidative damage and biomarkers of protein damage such as 2-aminoadipic and gamma glutamyl semialdehydes. 73 Small and transient increases in oxidative DNA damage have been noted in human volunteers fed mixtures of other antioxidants such as ascorbic acid, beta carotene, and alpha tocopherol. 74 Polyphenols can exhibit many adverse effects to diverse biological systems. For example, several flavonoids inhibit the enzyme thyroid peroxidase and interfere with thyroid hormone biosynthesis and ultimately thyroid function. Reports also suggest that elevated consumption of soy isoflavones can reduce fertility and retard sexual maturation. Polyphenols can also exhibit antinutritional effects through complexation of minerals such as iron. While this can be protective, it can also lead to iron deficiency. 3, 7, 75 Larger molecular weight polyphenols, ie, tannins, can interact with proteins and inhibit several enzymes that are needed for growth. High polyphenol intake could also increase the risk of CVD through alterations in homocysteine processing, a well-accepted biomarker for CVD. 76, 77 Lastly, polyphenols, specifically naringenin in grapefruit, can inhibit drug-metabolizing enzymes such as CYP3A4, among others, involved in xenobiotic metabolism and, thus, interact with pharmacological agents increasing the risk of overdose and harm. 78 The effect of grapefruit is particularly relevant since a large portion of the population are prescribed β-blockers or cholesterol-lowering statins to manage dyslipidemia associated with cardiovascular disease. 79, 80 Grapefruit juice is specifically contraindicated to avoid cardiovascular complications since naringenin, naringin, and 6,7-dihdroxybergamottin, as grapefruit-derived bioactive agents, can inhibit the CYP3A4 enzyme and alter the pharmacokinetics of medications leading to marked increases in their plasma concentrations and ultimate toxicity. [81] [82] [83] While data support this contention, grapefruit juice has traditionally been shown to contain antioxidant, antinitrosaminic, antiseptic, cardiotonic, hypocholesteromic, and sedative activities among several other functions all of which are positive, beneficial effects. 78 As such, it may be prudent that those on medications requiring CYP3A4 metabolism refrain from consumption. It must be pointed out that many diverse polyphenols can affect the activities of many CYP450 enzymes other than 3A4 by induction and inhibition. For example, quercetin, flavone, and diosmin, as examples, can induce CYP1A1, whereas kaempferol, ellagic acid, and resveratrol can inhibit CYP1A1.
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Conclusions
Pro-oxidant-induced oxidative stress contributes to the pathogenesis of numerous chronic diseases and, as such, dietary antioxidants can and should quench and/or retard such processes. However, considerable evidence supports that high-dose polyphenols can potentially cause adverse effects through pro-oxidative effects. As such, the medical literature is replete with reports of the beneficial properties of dietary polyphenols, but also the possible adverse effects of polyphenol-rich plants and their components as fortified, enhanced, or purified foods and/or dietary supplements. 85 Risk is increased by the use of pharmacological doses of polyphenols in prevention, treatment and dietary supplement situations. Bioavailability appears to be a regulatory mechanism of sorts in keeping the overall absorption of polyphenols low, ie, 2%-20%. Given that overwhelming 
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evidence supports intake of polyphenols in disease prevention and attenuation, efforts are being made to not only increase dietary intake but to increase bioavailability by increasing absorption of polyphenols singly or in combination. Indeed, dietary supplements that contain high (pharmacologic) doses of polyphenols can, in fact, be developed. As a result, intake of polyphenols can easily reach very high levels and presumably plasma and/or tissue levels will also reach higher levels not normally encountered in the typical diet. As such, testing is prudent to ensure safety and the low risk of adverse effects from this level of intake. Given the complexity and breadth of polyphenols as a chemical family, it may be wise to start with assessing the nature of the polyphenol-rich dietary product (fortified or enhanced food, food extract, or pure compound, ie, dietary supplement) and its intended use. It has been suggested that the addition of specific polyphenols, or combinations, to different foods should be strictly controlled to limit consumption to a dosage window where health benefits, and lack of adverse effects, has been shown. 25 
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